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Abstract Previously, it has been shown that the grain size
distribution plays an important role in the mechanical
properties of welded steel. In the previous investigation,
the volume-weighted average grain size has been shown
to capture the influence of grain size distribution,
resulting in a better fitting Hall–Petch relationship be-
tween grain size and hardness. However, the previous
studies exclude the effects arising from local variation in
grain size. In this paper, the grain size measurement
methods are extended for the characterisation of the local
grain size variation, which is significant for welded joints
and can have an adverse effect on mechanical properties.
The local gradient of grain size variation and its depen-
dency on measurement direction are considered. In addi-
tion, examples of grain size and hardness variation are
shown for S355 base metal and two weld metals, and
characteristic differences are highlighted and discussed.
The coarse-grained areas of a heterogeneous microstruc-
ture are found to have lower hardness than fine-grained
areas. However, the surrounding microstructure, i.e. local
grain size gradient, has an influence on the measured
hardness values.
Keywords (IIW Thesaurus) Grain size .Measurement .
Structural steels . Hardness .Microstructure .Weldmetal
1 Introduction
Microstructural characterisation of engineering materials is a
necessity for understanding the relationships between micro-
structural quantities and mechanical properties. Grain size is
one of the fundamental microstructural quantities and corre-
lates with several properties, such as hardness, stress–strain
curve and fatigue strength [1–7]. Based on the work of Hall
[8] and Petch [9], a relationship was found between grain size
and the mechanical properties of steel. For yield strength, this
relationship is:
σ ¼ σ0 þ kd−1=2; ð1Þ
where σ0 is the lattice friction stress required to move individ-
ual dislocations, k is a material-dependent constant known as
the Hall–Petch slope, and d is the average grain size [10]. As
the Hall–Petch relationship is related to the measure of grain
size, the correct definition of grain size is crucial.
The most commonly reported microstructural measure in
literature is the average grain, even though there is a large
variety of, e.g. ASTM grain size measurement methods, avail-
able [11]. Moreover, orientation imaging microscopy gives
the operator a large degree of freedom for defining the mea-
surement methodology and parameters such as step size, grain
boundary misorientation criteria and filtering of the data
[12–14]. For these reasons, an extensive interlaboratory
round-robin [15] was carried out in order to define the grain
size measurement methodology for the ISO 13067 [16] stan-
dard. In addition to measurement of average grain size, other
material-specific factors such as differences in phase structure
and grain size distribution need to be considered.
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For heterogeneous materials, the grain size distribution is
of particular interest since it has been shown to influence the
mechanical properties [10, 17–22]. Improved grain size mea-
surement methods are thus required to enhance the under-
standing between grain size distribution and mechanical prop-
erties [11]. Accurate description of the microstructural hetero-
geneity is also required for the mesoscale modelling of mate-
rial behaviour [12]. Welds are an extreme case of heterogene-
ity since it is present both in macroscopic scale across the joint
and in microscopic scale within a single zone; see Fig. 1. The
grain size characterisation of heterogeneous weld metals was
studied by Lehto et al. [23]. The grain size measurements
revealed that structural steel weld metals exhibit a large vari-
ety of grain size distributions that are noticeably broader than
those of the base metal. To capture the influence of grain size
distribution, the volume-weighted grain size measurement
was utilised. It was shown that the Hall–Petch relationship’s
dependence on grain size distribution is eliminated when then
volume-weighted average grain size (dv) is used:
σ ¼ σ0 þ kdv−1=2 ¼ σ0 þ kd−1=2 1þ f Δdd
 
; ð2Þ
where f is a constant describing the relation between average
and volume-weighted average grain size and Δd/d is the rela-
tive grain size dispersion. The equation is reduced to the orig-
inal Hall–Petch Eq. (1) in the theoretical case that all grains are
the same size. Furthermore, if samples with similar grain size
dispersion are compared the original Hall–Petch, Eq (1) is
applicable.
While the previous work covered the microstructural char-
acterisation of volume-weighted average grain size and its
relation to the grain size distribution of welded structural steel,
it did not provide further insight into the inherent large local
variation of grain size. The aim of this paper is to characterise
the local variation of grain size in welded joints and investi-
gate how it influences the mechanical properties using hard-
ness measurements. The point-sampled grain size measure-
ment method is extended for the characterisation of local grain
size variation both in numerical and visual form. The numer-
ical approach is to present a moving average of grain size
using line probes in different directions. In visual approach,
the characterisation of grain size variation is further developed
by substituting grain size (d) with the Hall–Petch grain size
parameter (d−0.5) in order to have a linear scale for grain size-
dependent mechanical properties. The local variation of grain
size is also compared to hardness measurement results.
2 Measurement of local grain size variation
Grain size is measured using the point-sampled intercept
length method [24, 25]. The method is similar to the common-
ly used linear intercept method [26]; however, the measure-
ments are carried out at random points instead of being mea-
sured along pre-determined lines. The method has previously
been used for the characterisation of grain size distribution in
welded structural steel [23]. Here, the method is extended for
the characterisation of local grain size variation by including
measurement direction-based averaging. In addition, moving
averages of grain size are calculated across the microstructure.
Figure 2 shows a flow chart of the measurement procedure
using a fictional single-phase microstructure. Firstly, the grain
size is measured for individual grains at random points that hit
the grain interior (Fig. 2 (Ia)). The procedure is repeated a
large number of times for one measurement direction,
resulting in densely measured grain size for the individual




Fig. 1 Macro section of an arc
welded joint (CV.1) and an
example of weld metal grain size
variation showing fine grained
(FG) and coarse grained (CG)
areas
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For an improved visual representation, the non-mea-
sured points are filled with a value from the nearest
neighbouring point. As shown in (Fig. 2 (Ic)), the interpo-
lation results in a good visual representation of grain size
for the individual grain. Grain size is presented using the
Hall–Petch grain size parameter (d−0.5) in order to have a
linear scale for grain size affected mechanical properties.
This approach is taken to improve the resolution of visual
representation in the grain size regime below 10 μm. Based
on the Hall–Petch relationship, a small change of grain size
in this regime has a significant effect on the mechanical
properties, e.g. strength doubles as grain size decreases
from 4 to 1 μm.; see Fig. 3. It is noted that the classical
Hall–Petch relationship is applicable at grain sizes larger
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Fig. 2 Flowchart of the grain size
measurement and analysis
procedure
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Fig. 3 Relationship between grain size (d) and the Hall–Petch grain size
parameter (d−0.5)
The procedures (Fig. 2 (Ia–c)) are repeated for all grains in
the fictitious microstructure using four measurement direc-
tions (0°, 45°, 90°, and 135°) as shown in Fig. 2 (IIa–d).
Typically, at least 25 % of the image points should be mea-
sured in each direction for accurate results. The probability Pi
of a random point hitting a grain of size i is proportional to the
surface area fraction of the grain. Based on relationships of
stereology [29, 30], the surface area fraction provides a statis-
tical estimator for the volume fraction:




whereAi andVi are the surface area and volume of a grain of size
i. AT and VT are the total surface area and volume of all grains in
the measurement domain, correspondingly. Thus, the measured
grain size distribution can be considered as the volume-weighted
grain size distribution if the assumption of isotropy is made. For
further details and aMatlab implementation of the measurement
procedure, the reader is referred to [23, 31].
To verify that the nearest neighbour interpolation does not
introduce any bias or error to the data, the grain size distribu-
tions of the measured and interpolated data are compared in
Fig. 4a. As the two counterparts overlap for each individual
measurement direction, the interpolated data shown in (Fig. 2
(IIa–d)) can be used for further data analysis.
In order to compare grain size withmechanical properties, e.g.
hardness, the four measurement directions need to be combined
into a single visualisation. The three alternatives used are to take
the minimum,mean or maximum value of the four measurement
directions at each point of all grains; see in Fig. 2 (IIIa–c). As
shown in Fig. 4b, the grain size distributions of minimum and
maximum cases are the lower and upper bounds for themeasure-
ment data, respectively. The mean has closely the same volume-
weighted average grain size, dv, as the measurement data even
though the shape of the distribution is different. The agreement of
volume-weighted average grain size has been verified for various
heterogeneous microstructures, with the error typically being
smaller than 1 %. Since the volume-weighted average grain size
has been shown to correlate with hardness according to the Hall–
Petch relationship [23], the mean grain size plot is used for fur-
ther result analysis of hardness and grain size.
In addition to the above mentioned visual options, the mov-
ing averages of the minimum, mean and maximum grain size
contours (Fig. 2 (IIIa–c)) are calculated across the micrograph
using horizontal and vertical line probes. The line probes used
in this study are 10-pixel wide. In addition, the border regions
of the micrographs were excluded from the averaging to elim-
inate large grains that extend beyond the micrograph. Grain
size at 90 % probability level was found as a suitable margin
for exclusion at all edges of the image. Dimensions of the
probes used are shown in Table 3. The difference between
the three moving averages represents the local variation of
grain size in different measurement directions.
3 Experiments
3.1 Test specimens and sample preparation
The experiments are carried out for one base metal (BM.1)
and two welded samples. The weld samples are flux-core arc
welded either from two sides (CV.1) or from one side with a
ceramic backing (CV.2). Plate edges were prepared by plasma
cutting followed by grinding. The energy input for CV.1 is
3.5 kJ/cm for each side and for CV.2 it is 9 kJ/cm for the single
weld bead. The macro sections of the weld samples CV.1 and
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Fig. 4 Cumulative probability distributions for grain size (a) measured and interpolated data for the four measurement directions (see Ib, Ic and II in
Fig. 2). b Comparison of the analysed (see III in Fig. 2) and measurement data
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CV.2 are shown in Figs. 1 and 5, correspondingly. All base
metals are S355 grade ferritic-pearlitic structural steels; the
base metal grades and mechanical properties are presented in
Table 1.
For this investigation, specimens are prepared from the
base metal BM.1 and the two weld metals. To represent the
extremities of the grain size distribution, two weld metal re-
gions are chosen with homogeneous and heterogeneous grain
size distributions. The root side weld metal of weld sample
CV.1 is taken as the homogeneous weld metal, while the toe
side weld metal of weld sample CV.2 is the heterogeneous
weld metal. The three specimens are chosen since they have
previously been found to closely follow the same relationship
between grain size and hardness in the macroscopic scale
using 70–100 μm hardness indentations [23]. The previously
measured average hardness and grain size values, as well as
phase volume fractions are presented in Table 2. The micro-
structural constituents were identified according to IIW
document IX-1533-88 [32] by using the systematic manual
point counting method according to ASTM E562-02 [33].
For the weld sample CV.2, an additional sample was pre-
pared for EBSD analysis. The sample is used for comparing
the grain size and hardness from the exact same location for
the heterogeneous weld metal. This location is referred to as
A2 in further instances. The location of this area and the hard-
ness measurements carried out for the heterogeneous weld
metal are shown in Fig. 5. All specimens were mounted in
an electrically conductive resin and grinded up to P4000 grit
abrasive paper. Polishing was done with 3 and 1 μm diamond
paste and the additional heterogeneous sample with 0.25 μm
as well. Before EBSD analysis, final polishing was carried out
with colloidal silica in a vibratory polisher for 45 min.
3.2 Material characterisation
Instrumented indentation testing was used for measuring the
mechanical properties. Hardness was measured with a CSM
Instruments micro-indentation tester according to ISO 14577–
1 [34] utilising large matrices containing up to 200 indenta-
tions. Hardness was defined using Martens hardness, denoted
by HM, with a Vickers pyramid tip. The measurement data
related to, but not presented in [23], indicates that HM corre-
lates well with traditional Vickers hardness when presented in
the same units; see Appendix 1 for further details. The test
Table 1 Test sample base metal grades and mechanical properties [23]
Grade Thickness (mm) REH (MPa) Rm (MPa) A (%)
BM.1 GL D36 6 343 472 34
CV.1 S355J2 3 466 564 31.3
CV.2 S355J2 3 466 564 31.3
Table 2 Test specimen nomenclature, microstructural characterisation and the microstructural constituent volume fractions and the corresponding
95 % confidence intervals [23]
Sample Grain size Hardness Constituent volume fraction (%)
dv (μm) HM (MPa) AF PF FC/P
Base metal BM.1 15.29 ± 1.96 1412± 29 – 78.6 ± 5.3 21.4 ± 5.3 (P)
Homogeneous weld metal CV.1 root 5.95 ± 0.20 1756± 17 7.3 ± 1.4 78.7 ± 4.7 14.0 ± 3.4
Heterogeneous weld metal CV.2 toe 4.00 ± 0.45 1984± 34 37.5 ± 6.4 56.2 ± 5.3 6.3 ± 1.6







Fig. 5 Two macro sections of the arc welded joint CV.2 showing the hardness measurement locations of the heterogeneous weld metal presented in a
Fig. 11 and b Fig. 12
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forces used equal HV0.01 (98.07 mN), HV0.1 (980.7 mN) and
HV0.3 (2942.1 mN), producing indentations with approxi-
mately 7–10 μm, 30–35 μm and 50–60 μm diagonal lengths,
respectively, depending on the sample. Indentation depth is
approximately 1/7th of the indentation diagonal, i.e. 1–
1.4 μm, 4.3–5 μm and 7.1–8.5 μm for the three measurement
forces, respectively. Linear 30-s loading ramps were used, with
a hold time of 10 s at the maximum force.
The heterogeneous microstructure was characterised using
the electron backscatter diffraction (EBSD). EBSD analysis of
the heterogeneous weld metal in sample CV.2 (location A2)
was carried out prior to hardness measurements at a pre-
marked area. A Zeiss Ultra 55 field emission scanning elec-
tron microscope equipped with a Nordlys F+ camera and
Channel 5 software from Oxford Instruments was used for
the EBSD analyses. The EBSD analyses were performed with
a step size of 0.2 μm at a magnification of 1000× (area
373×280 μm). The acceleration voltage was 20 kV and the
grain boundary misorientation criteria of 10° were used.
Indexing rate of the EBSD maps was approximately 90 %
and the EBSD data was post-processed using a nearest neigh-
bour clean-up routine. The grain boundary maps from EBSD
analysis were overlaid on optical micrographs and digital im-
age processing applied in order to de-skew the distortions
caused by stage drift during acquisition [35]. For optical mi-
crographs, the samples were etched with a 2 % Nital solution.
Digital image processing was carried out to create grain
boundary maps from the optical micrographs for base metal
and homogeneous weld metal; see [31] for more details.
4 Results
4.1 Microstructure and grain size
The microstructures of the three specimens are shown in
Fig. 6. The measured average grain sizes (d, dv) of the single
micrographs and the dimensions of the averaging line probes
are presented in Table 3. The line probes are 10-pixel wide and
thus the magnification of the micrograph affects the width of
the probe. The relative grain size dispersion values for the








where the maximum and minimum grain sizes are taken as 99
and 1 % probability level grain sizes, respectively. This value
characterises the grain size dispersion on a macroscopic scale
for the entire micrograph, see Ref [23] for further details.
The local grain size variation found in base metal as well as
homogeneous and heterogeneous weld metals are compared
in Fig. 7. Base metal and homogeneous weld metal have quite
homogeneous grain size as is indicated by the relative grain
size dispersion. The local variation of grain size is not signif-
icant and moreover the local variation is homogeneous
throughout the microstructure. On the contrary, local variation
of grain size is significant for the heterogeneous weld metal.
The coarse-grained areas have inconsistent spacing as shown
in Fig. 7c, and thus one grain boundary map of size
a b c
50 µm 25 µm 50 µm
Fig. 6 The grain boundary maps used for grain size analysis of a base metal, b homogeneous weld metal and c heterogeneous weld metal
Table 3 Measured average grain sizes for the three microstructures presented in Fig. 6 and dimensions of the line probes used for grain size averaging
Grain size Line probe dimensions Grains per line length
d (μm) Δd/d (−) dv (μm) Line width (μm) Horizontal (μm) Vertical (μm) Horizontal (−) Vertical (−)
Base metal 10.18 3.16 15.43 1.84 532 385 35 25
Homogeneous weld 3.47 3.60 5.94 0.74 213 154 36 26
Heterogeneous weld 2.21 5.38 5.01 0.98 321 241 64 48
Grains per line length is defined as line length divided by the volume-weighted average grain size
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345×266 μm does not fully represent the length scale at
which the coarse and fine-grained areas alternate.
4.2 Characterisation of the local grain size variation
The local grain size variation of base metal, homogeneous weld
metal and heterogeneous weld metal is shown in Figs. 8, 9, and
10, correspondingly. The dimensions of the line probes used for
the calculation of moving averages are presented in Table 3. It
can be seen that the grain size of the base metal (Fig. 8) is very
uniform when the mechanical properties are considered on
grain scale according to the Hall–Petch relationship (d−0.5).
Variation around the volume-weighted average grain size (dv)
is minor for the moving average of themean grain size. In terms
of grain size, it is difficult to find strong or weak locations in the
microstructure as the smallest and largest grains are within a
narrow band of approximately 0.2–0.5 μm−0.5. For homoge-
neous weld metal (Fig. 9), the variation of grain size is very
similar to base metal, with little variation around the volume-
weighted average grain size. Relatively, theminimum andmax-
imum are further away from the mean curve, which is related to
the broader grain size dispersion compared to base metal. This
is visible as an increased amount of fine grains (acicular ferrite,
AF) in between the coarse grains (primary ferrite, PF). For
heterogeneous weld metal (Fig. 10), the location of coarse
grains can be determined both visually and using the horizontal
moving average of grain size. The areas with coarse grains are
primary ferrite while fine-grained areas consist mostly of
a b c
Fig. 7 Comparison of local grain size variation for S355 base metal, homogeneous and heterogeneous weld metals. The colour contours range between
0.18 and 1.05 μm−0.5, representing the largest 99 % and smallest 1 % probability level grain sizes for the three specimens
Fig. 8 Grain size plotted as a function of the Hall–Petch grain size
parameter (d−0.5) for the base metal (S355). The colour contour ranges
from 99 to 1 % probability level grain size for the main figure. The colour
contour range is extended for the side figures to cover the 1 and 99 %
probability level grain sizes of the minimum and maximum cases
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acicular ferrite. Furthermore, there is also noticeable grain size
variation within acicular ferrite. Of the three specimens, the
difference between minimum and maximum moving averages
is largest for the heterogeneous weld metal in the area that
consists primarily of acicular ferrite (X-coordinate 100–
200 μm).
Fig. 9 Grain size plotted as a function of the Hall–Petch grain size
parameter (d−0.5) for the homogeneous weld metal. The colour contour
ranges from 99 to 1 % probability level grain size for the main figure. The
colour contour range is extended for the side figures to cover the 1 and
99 % probability level grain sizes of the minimum and maximum cases
Fig. 10 Grain size plotted as a function of the Hall–Petch grain size
parameter (d−0.5) for the heterogeneous weld metal. The colour contour
ranges from 99 to 1 % probability level grain size for the main figure. The
colour contour range is extended for the side figures to cover the 1 and
99 % probability level grain sizes of the minimum and maximum cases
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4.3 Comparison of hardness variation in S355 base metal
and weld metal
The variation in grain size indicates that the mechanical prop-
erties might also vary significantly within the heterogeneous
microstructure. The local variation in hardness measured
using test forces HV0.01, HV0.1 and HV0.3 is shown in
Fig. 11. The diagonal lengths of the indentations are approx-
imately 7–10 μm, 30–35 μm and 50–60 μm, respectively. For
clarity, the grain size comparison presented in Fig. 7 is
from the same specimens but not at the exact location
of the hardness measurements. Hardness is presented as
an interpolated colour contour, and thus, it should be
noted that the values in between the indentations do
not represent real hardness values.
For all specimens, it is observed that the mean hard-
ness value increases with a decrease in indentation size.
At the same time, the maximum hardness values in-
crease significantly while minimum values remain ap-
proximately the same. Using the smallest test force of
HV0.01, the difference between lowest and highest mea-












































































































































Fig. 11 Comparison of local hardness variation (HM) using three different indentation loads for the three specimens. The colour scales range between
HV0.01 minimum and maximum for each specimen
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average value. This can be related to the placement of
the small indentations in the microstructure, hitting e.g.
entirely in soft ferrite grain interiors or hard pearlite.
While base metal and homogeneous weld metal gen-
erally show smooth transitions between low and high
hardness areas, the heterogeneous weld metal shows
much higher local variation. This is the case particularly
for the HV0.01 measurement force that produces small,
7–10 μm indentations. At higher test forces of HV0.1
and HV0.3, base metal and homogeneous weld metal
show variation in hardness even though the grain size
is very uniform in the structure. Likewise, with HV0.3
indentations, the local variation in hardness cannot be
captured for the heterogeneous weld metal since the
indentations are larger than the coarse-grained areas.
Thus, it is challenging to choose indentation parameters; in-
dentation size in relation to grain size and at the same time the
spacing of indentations affects the data gathered from a pre-
determined area. The transition and relations between differ-
ent size indentations, as well as the relation to tensile proper-
ties require further study.
4.4 Correlation between grain size and hardness
To investigate the local grain size variation, additional hardness
measurements were carried out for the heterogeneous weld
metal. Prior to hardness measurements, an EBSD analysis
was carried out at location A2 of the weld (see Fig. 5) that
was pre-marked with hardness indentations. After hardness
measurements, the specimen surface was etched, which enables
overlaying of the EBSD maps on the microstructure and iden-
tifying the location of hardness indentations.
The hardness data and grain size contour for the studied
heterogeneous weld metal are shown in Fig. 12. The figure
contains (a) an optical micrograph of the hardness measure-
ments, (b) visual estimate of correlation between hardness and
local microstructure and (c) hardness in discrete form for in-
dividual indentations overlaid on the grain size contour. The
visual estimate in (b) is divided into three categories: (1)
green, grain size under the indentation correlates with hard-
ness within approximately ±100 HM (52/96 samples, 54 %);
(2) orange, hardness correlates with grain size when the mi-
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Fig. 12 a Optical micrograph of
the hardness measurement area
for the heterogeneous weld metal
area A2, b grain boundary map
and visual estimation of the
correlation between local grain
size and hardness; see text for the
explanation and c the hardness
value for each indentation
overlaid on the grain size contour,
ranging from 99 to 1 %
probability level grain size
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19 %) and (3) red, hardness and local grain size show no
correlation (26/96, 27 %). Reader is referred to Appendix 2
for the hardness values and a figure that shows the grain size
under and around each indentation.
In general, the low hardness areas correspond with the
coarse grains and high hardness with the fine-grained areas.
A mixture of different grain sizes under the indentation is
found to result in a measured hardness value that corresponds
approximately with the average grain size of the area accord-
ing to the rule of mixtures; see Fig. 13a. When fine grains are
surrounded by coarse grains, hardness is found to decrease,
and in the opposite case, to increase; see Fig. 13b, c, corre-
spondingly. Placement of the indentation tip in a small cluster
of fine grains is found to increase the hardness value, even
though the microstructure under and around the indentation
would otherwise consist of coarse grains; see Fig. 13d. In
some cases, low hardness is measured in fine grains and high
hardness in coarse grains; see Fig. 13e, f, correspondingly.
Further numerical analysis of the microstructure at each in-
dentation is required before correlations between local micro-
structure and hardness can be formulated.
5 Discussion
The local grain size and hardness variation of ferritic base
metal and two weld metals were studied. The point-sampled
intercept length method was extended for the characterisation
of local grain size variation. The local gradient of grain size
variation and its dependency on measurement direction were
considered. Base metal and homogeneous weld metal did not
have significant local grain size variation, while the
heterogeneous weld metal had distinct areas of coarse and fine
grains. The coarse-grained areas are associated with primary
ferrite and the fine-grained areas with acicular ferrite.
Hardness was measured to investigate the influence of local
grain size variation on mechanical properties.
EBSD grain size analysis is typically carried out using the
grain identification and determination of grain size from its
surface area, often taken as the diameter of a circle with an
equivalent surface area [12, 36]. For homogeneous equiaxed
microstructures, this assumption is justified, and values deter-
mined by circle equivalent diameter (dceq) and linear intercept
are comparable within 10 % of each other [15]. The use of
circle equivalent diameter has limitations when applied to het-
erogeneous weld metal microstructures. Welds can have mi-
crostructures where definition of individual grains is ambigu-
ous due to discontinuities in the grain boundaries, and thus
clusters of multiple grains can be detected as a single grain.
This has been demonstrated for stainless steel pipe welds by
Saukkonen et al. [37], also showing the robustness of the
linear intercept method to EBSD indexing errors and the con-
sequent grain detection. Furthermore, the circle equivalent
diameter is not well suited for high aspect ratio grains by itself,
and more information about the shape of the grain is required
[38]. For welds, the high aspect ratio of grains, as well as
morphological anisotropy, make the assumption of circular
geometry invalid. Thus, the volume-weighted linear intercept
method should be preferred for grain size measurement of
heterogeneous weld microstructures with complex grain mor-
phologies. To that end, the methodology presented here is able
to consider the aspect ratio of grains through the four measure-
ment directions. Although limited to four measurement direc-
tions, it seems sufficient for the characterization of weld metal
Fig. 13 Expanded view of grain size and hardness at indentations a–f indicated in Fig. 12c
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microstructures. It is also not sensitive to small discontinuities
in the grain boundaries that are observed in welded [39, 40]
and deformed [41] steel microstructures. For a physically
based definition, the grain size measurement direction should
be parallel with the direction of the slip plane in each grain,
requiring the utilisation of orientation information in grain size
measurement. As the present approach is based on measure-
ment of 2D sections, the morphological anisotropy of the
grains is not considered.
Grain size variation was found to be significant within acic-
ular ferrite in the heterogeneous weld metal, having the biggest
relative difference between the minimum and maximum grain
size curves in Fig. 10. The variation is related to the high aspect
ratio of the grains, resulting in a significant difference between
the shortest and longest grain size measurement directions.
Local variation of grain size is visually significant within acic-
ular ferrite, as shown in Figs. 10 and 12c, ranging approximate-
ly between 1 and 5μmeven though not revealed by themoving
average line probe. The line probes are influenced by the num-
ber of grains falling under the line, and thus, the true variation
will average out with a large number of grains. This is the case
for acicular ferrite in the heterogeneous weld metal, and further
research is required to define methods better suited for quanti-
fying the local grain size variation numerically.
Even though the base metal and homogeneous weld metal
are uniform in grain size, hardness measurements revealed low
and high hardness regions using HV0.1 and HV0.3 test forces;
see Fig. 11b, c, e and f. Visually, the grain size is uniform
through the entire microstructure, and thus, it seems that factors
other than grain size contributed to the observed differences.
Hardness measurements using HV0.01 test force revealed that
in the heterogeneous weld metal, the low hardness values are
usually associated with coarse grains and high hardness values
with fine grains, as is expected by the Hall–Petch relationship
[8, 9]; see Fig. 12c. Despite the visual estimate of 54 % of
hardness measurements corresponding with the local grain size
(Fig. 12b), variation is observed between regions of similar grain
size. This can be caused by differences in grain orientation [42,
43] and dislocation slip transmission between grains [44, 45].
The plastic zone from a hardness indentation is hemispher-
ic, extending 1.0–1.9 times the contact radius with the highest
plastic strain (>20 %) located directly underneath the indenter
contact region [46]. Therefore, the microstructure of the entire
plastic zone will influence the hardness measurement. This is
visible for the 19 % of measurements where surrounding
coarse or fine grains either decreased or increased the hardness
value, respectively. The limitation of observing grain size on
the surface of the specimen is visible with 27 % of the mea-
surements as the grain size is not in agreement with the mea-
sured hardness value. Furthermore, the microstructural length
scale, e.g. grain size, interacts with the length scale of hardness
measurements [47]. These effects become relevant with in-
dentations small relative to the grain size, and disappear as
the length scale of deformation is large relative to the micro-
structural heterogeneities [47]. For the heterogeneous weld
metal, the coarse grains are up to 25 μm in size while the fine
grains are 1–5 μm in size, and thus the plastic zone of an
indentation with 7-μm diagonal and 1-μm depth can be lim-
ited to a few grains or tens of grains. Therefore, the size of the
plastic zone can vary depending on grain size and should be
considered in the grain size measurement.
In addition to grain size characterisation, phase properties
need to be considered in microstructural analysis. Even
though in case of acicular ferrite and primary ferrite the phases
behave similarly in hardness measurements [23], the tensile
properties and toughness can show significant differences de-
spite similarity of grain size. Zhao [48] found that acicular
ferrite (d=4–5 μm) had lower ultimate tensile strength but
higher yield strength than ultrafine-grained ferrite
(d=1 μm). The differences were attributed to carbonitride
precipitation, higher dislocation density and the lath bundle
size of acicular ferrite. In general, acicular ferrite is beneficial
for mechanical properties and besides tensile properties it im-
proves impact toughness and decreases the transition temper-
ature [49, 50]. Thus, methods are sought after to increase the
volume fraction of acicular ferrite in welds [49, 51].
In this study, the weld metal microstructures were examined
using two dimensional analysis. Based on current analysis
hardness shows good agreement (54 %) in locations where
the local grain size gradient is typically small. It is expected
that the gradient of grain size under the indentation has a sig-
nificant effect on measured hardness values as well. It is likely
that for the locations with good agreement the grain size gradi-
ent under the indentation is small or that the gradient is such
that the measured hardness appears to correlate with surface
grain size. For weld metals, the solidification behaviour con-
trols the grain structure and the achieved mechanical properties
[52]. The competitive growth of grains, influenced by the tran-
sient thermal conditions and solidification characteristics of the
weld metal, determines the morphology of the grain structure
[52, 53]. In fusion welding axial, columnar and equiaxed grain
morphologies can be observed depending on the thermal gra-
dient, cooling rate and use of grain refining particles [52, 54,
55]. Therefore, the appearance of the grains on one cross sec-
tion may not be representative of the grain morphology [56],
causing bias for the assumed relationship between surface area
and volume (Eq. 3). For example, columnar grains can appear
very large on the transverse section even though the grains are
quite shallow. Thus, the morphology of the grains and the an-
isotropy of the microstructure in the direction of the weld bead
should be included in the analysis. It is expected that hardness
of the heterogeneous weld metal (Fig. 12) is better predicted if
the morphological anisotropy is considered. Furthermore, other
obstacles to dislocationmotion such as inclusions can influence
the measured hardness values on a local scale. Consideration of
these aspects is left for future work.
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6 Conclusions
The point-sampled grain size measurement method was ex-
tended to the characterisation of local grain size variation. The
Hall–Petch grain size parameter (d−0.5) was found to give a
good visual representation of grain size-dependent mechanical
properties. Heterogeneous weld metal was found to have sig-
nificant local variation of grain size while base metal and
homogeneous weld metal were not. Furthermore, the local
variation of grain size correlates with hardness measurements
for a large portion of the measurements, with coarse grains
generally showing low hardness and fine grains high hard-
ness. Grain size alone was not able to explain all of the mea-
surement results and thus future work is needed to analyse the
local microstructure to determine factors other than grain size
that should be included in the microstructural characterisation.
In particular, the morphological anisotropy, i.e. the three di-
mensional shape of the grains needs to be characterized.
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Appendix 1: Vickers hardness compared
to instrumented indentation hardness
Traditional hardness measurements rely onmeasurement of, e.g.
the diagonal of the indentation after the test force has been re-
moved. As a result, only the residual plastic deformation is
considered and elastic deformation is ignored. Instrumented in-
dentation testing (IIT) enables the evaluation of both the elastic
and plastic deformation by monitoring of the test force and dis-
placement of the indenter. In addition to hardness, other material
parameters such as indentationmodulus can be determinedwith-
out the need for optical measurement of the indentation [34].
Due to the force-displacement data being available, several
definitions can be used for defining hardness from IIT measure-
ments, with indentation hardness (HIT) being themost common-
ly used parameter. However, the definition of indentation hard-
ness [34] is the maximum force divided by the projected area,
which is not the case for definition of traditional Vickers hard-
ness. ISO 14577–1 Annex F [34] includes the correlation of HIT
to Vickers hardness by converting the projected area to the sur-
face area of contact. The correlation between the two is formu-
lated as HV=0.0945 x HIT based on the constant ratio of
projected area to surface area and unit conversion to kg/mm2. It
is noted that the values calculated in this manner should not be
used as a substitute for Vickers hardness.
Another approach is to useMartens hardness (HM), which by
definition is the same as traditional Vickers hardness. These two
options are compared in Fig. 14 for the measurements of Ref.
[23], although not presented there in this form. For comparability,
Martens hardness is also converted to kilogrammes per
millimetre squared. The ferritic weld metals (WM) have good
correlation with Martens hardness and Vickers hardness below
250 HV within the ±5 % limits. At higher values, Martens hard-
ness values are lower than Vickers hardness, indicating that sig-
nificant in-plane elastic recovery took place after the test force
was removed, thus reducing the optically measured diagonals.
Indentation hardness (HIT) shows higher deviation at low
Vickers hardness values. The values are consistently higher than
Vickers hardness, following approximately the +5 % line above
200 HV. Due to the good agreement of Martens hardness below





























































Fig. 14 Comparison of base metal (BM) and weld metal (WM) Vickers
hardness (HV1) to aMartens hardness (HM) and b indentation hardness
converted to Vickers hardness. The asterisk indicates conversion of units
fromMPa to kg/mm2. Themeasurements are fromRef. [23], although not
presented there in this form
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Appendix 2: Grain size contour and hardness values
This appendix provides an alternative representation of
the grain size contour presented in Fig. 12. In order to
reveal the microstructure under each indentation, the hard-
ness indentations have been moved below each indenta-
tion in Fig. 15. The measured hardness values are present-
ed in Table 4.
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